The importance of copper as an essential element can be estimated by the wide range of copper proteins and enzymes playing different roles in biological systems. In the last decades many bioinorganic studies were developed on mimetic complexes of copper-dependent proteins, in order to verify the interrelations between structural and functional properties of active copper centers. Among the most studied copper ion ligand, diimine compounds have deserved special attention due their flexibility, facility of preparation, and ability to stabilize both oxidation states of this metal. In our laboratory, we have been investigating some Schiff base copper complexes as mimics of different proteins, with emphasis on functional aspects, trying to elucidate mechanisms of reaction, based on proposed intermediary species, in addition to molecular shapes. Particularly, mimics of the copper-zinc superoxide dismutase, and of monooxigenases and oxidases exhibiting dicopper sites are discussed in this work.
INTRODUCTION
The importance of copper as an essential element can be estimated by the wide range of copper proteins and enzymes playing different roles in biological systems (Kaim & Rall 1996) . Very recently, an upper limit of 10 −18 mol/L has been estimated for the concentration of free copper ions in the cell, which means that cellular pools of free copper are virtually nonexistent, and that copper ions are always inserted on suitable biomolecules (Lippard 1999) . A wide range of different structures are exhibited by copper proteins and enzymes, depending on their occurrence, and activity.
In the last decades many bioinorganic studies were developed on mimetic complexes of copperdependent proteins. The characteristic structural features of the active sites in these proteins account for their particularly interesting spectroscopic properties that originated a prior useful classification (Adman 1991 , Ferreira 1998 . Based on these results, further studies were then carried out in order to verify the correlation between structural and functional properties of active copper centers, mainly through the preparation, and investigation of model compounds (Karlin & Tyeklár 1993) .
Among the most studied copper ion ligand, diimine compounds have been deserving special at-tention (Guerriero et al. 1995) , due their flexibility, facility of preparation, and ability on stabilizing both oxidation states of this metal. These ligands can provide macroacyclic and macrocyclic structures, tripodal, compartmental, or dinucleating species (Fenton 1999) . Most of the studies deal with structural parameters, such as binding distances and angles, in order to mimic activated states of enzymes, oxygenated intermediates, or special moieties in multimetallated proteins. In this case, model compounds are designed and isolated, having then their spectral and magnetic properties determined. On the other hand, some of the studies emphasize functional aspects, trying to elucidate mechanisms of reaction, based on proposed intermediary species, in addition to molecular shapes.
Particularly, dinuclear copper complexes have biological relevance, since they can give valuable information about the binding mode of dioxygen to the dicopper sites of proteins involved in its transport and activation, as for example: hemocyanin, tyrosinase, and laccase (Solomon et al. 1996) . Since the pioneering studies on model systems for the action of copper monooxygenases (Karlin et al. 1984) , and on oxygenated species of those proteins (Kitajima et al. 1989) , investigations of this type of complexes have contributed to the better understanding of the oxygenation reactions in vivo.
Another protein extensively studied is the copper-zinc superoxide dismutase, mainly due their protective role in conditions of oxidative stress. This enzyme had its structure determined by X-ray crystallography, and its mechanism of action investigated by pulse radiolysis, showing a rate constant (k ∼ = 2 × 10 9 M −1 s −1 ) close to the diffusion limit (Fielden & Rotilio 1984) . Since its functional role has been described, many copper complexes with different ligands were prepared as mimics of this enzyme, specially macroacyclic polyimines (Gärt-ner & Weser 1986 ). These studies indicated that the catalytic cycle requires a particular conformation of the active site, between a square planar arrangement adequate for copper(II) ions, and a distorted tetrahedral form preferred by copper(I) ions.
In our laboratory, we have been investigating some Schiff base copper complexes as mimics of different proteins, involved in the metabolism of molecular oxygen and its reduced derivatives. A few examples are shown in Scheme 1. Complexes of tetradentate diimines seem to be more efficient on mimicking the SOD activity, while the tridentate ligands permit to obtain dinuclear species, which can act as monooxygenase or oxidase models.
SOD MIMETIC COMPLEXES
The cytosolic superoxide dismutase, Cu 2 Zn 2 SOD, is an antioxidant protein that dismutates superoxide radicals into hydrogen peroxide and dioxygen (McCord & Fridovich 1969) . In its active center a monomeric copper ion is surrounded by four imidazole groups, one of them bridged to a zinc ion, with structural function.
In order to verify the effect of small structural differences on the SOD activity, we isolated some diimine copper(II) complexes, and investigated their reactivity towards oxygen reactive species (Santos et al. 1998) . These compounds were prepared by condensation reactions of the corresponding parent carbonyl and amino compounds, according to procedures described in the literature, with suitable modifications (Fenton & Vigato 1988) . Their characterization was performed by spectroscopic techniques, including UV/Vis and EPR spectra, in addition to elemental analysis, magnetic susceptibility, and IR measurements. SOD activity was assayed by the inhibition of nitroblue tetrazolium (NBT) reduction, using xanthine/xanthine oxidase as the source of superoxide radicals, and monitoring the blue formazane product at 560 nm (Beauchamp & Fridovich 1971) . Based on the obtained kinetic results, the SOD activity of these compounds was estimated as the IC 50 values (concentration corresponding to 50% of reaction inhibition), compared to that of the native enzyme, and of some known SOD mimics previously described in the literature (Müller et al. 1995) , as shown in were shown to be good mimics of this enzyme, especially the compound [Cu(apz-pn)] 2 + (Santos et al. 1998) . The calculated EPR parameters indicated an axial symmetry for all the complexes, similar to that of the native Cu 2 Zn 2 SOD, which have a planar square configuration distorted toward tetrahedron. The extension of this tetrahedral distortion is usually estimated by the g/A ratio (Müller et al. 1995) .
In addition, the studied models showed also some pro-oxidant properties, forming reactive radical species in the presence of biological oxidants, capable of damaging biomolecules (Santos et al. 1998) . Further kinetic and mechanistic investigations are currently being developed in our laboratory, in reactions of hydrogen peroxide and peroxynitrite, another biological oxidant (Santos et al. 1999) .
MIMICS OF PROTEINS WITH DICOPPER SITES
Dinuclear copper complexes play an important role in many copper proteins, since coupled copper centers occur in the oxygen carrier hemocyanin, in tyrosinase, and in other multimetallated proteins (Kaim & Rall 1996) . Additionally, magnetic coupling phenomena in such complexes have been extensively studied in order to elucidate the magnetic Santos et al. 1998, J. Inorg. Biochem., 71: 71-78 . # EPR spectra were recorded in a Bruker EMX spectrometer, using frozen methanolic solutions.
Diimine ligands: dac-apbi, derived from diacetyl and 2-(2-aminophenyl)benzimidazole; dac-aepy, derived from diacetyl and 2-aminoethylpyridine; PuPy, derived from 2-pyridine carboxaldehyde and 1,4-diaminobutane; PuPhePy, derived from 2-benzoylpyridine and 1,4-diaminobutane.
spin-exchange mechanism (Hodgson 1975 , Kahn 1987 , that could explain catalytic electron transfers in biological systems. Dioxygen molecule can bind at these dinuclear copper active centers, and the structure elucidation of both the deoxygenated and the resulting oxygenated protein has been determined by spectral and EPR properties (Solomon et al. 1996) . Several groups studied model compounds mimicking the most relevant aspects of those species, specially insertion of oxygen atoms in substrates (Sorrell 1989 , Monzani et al. 1998 , binding and activation of dioxygen in copper centers (Tolman 1997 , Karlin et al. 1997 , Kitajima 1992 .
In many copper proteins and enzymes, the imidazole ring is an essential metal binding site, and thus a wide variety of imidazole containing ligands have been investigated to mimic structural features of these biomolecules (Strothkamp & Lippard 1982) . In our case, some dinuclear copper complexes with a tridentate diimine ligand, in addition to an imidazole as the bridging ligand, were prepared, characterized, and had their catalytic properties investigated. Although they could be easily isolated as pure stable solids, species [SECu(im)CuSE] 3+ , [Cu 2 (apy-epy) 2 im] 3+ and the corresponding monomers (see Scheme 1), they usually occur in solution as a monomer/dimer equilibrium, monitored by spectrophotometric changes, very dependent on the pH of solution. The monomers seem to be the predominant catalytic active species in reactions of hydrogen peroxide, since the rates of reaction showed an inverse dependence on the complex concentration for the studied systems. Probably, an available coordinating site for the oxidant is required.
All these compounds were found to be paramagnetic, similarly to their corresponding monomers, exhibiting characteristic EPR spectra (Figure 1) (Figure 1 , lines C and F). These results were corroborated by magnetic susceptibility measurements.
CONCLUSIONS
The results obtained with the tetradentate diimine complexes showed that they are good models for the copper-zinc superoxide dismutase, exhibiting the characteristic distorted structure around the copper ion, as well as a marked SOD activity. A modulation of this activity can be supplied by small structural variations. On the other hand, the prepared dinuclear species are potential models for dicopper sites present in monooxygenases, or oxidases. Strong antiferromagnetic coupling was usually observed in these proteins, whose active center have similarities with that of the oxyhemocyanin. Additionally, dinuclear compounds can be interesting catalysts for reactions of hydrogen peroxide, occurring via twoelectron transfer, under investigation in our laboratory.
